INTRODUCTION
Both prokaryotic and eukaryotic cells use dynamic protein assemblies to fulfill central roles in DNA segregation, cell division, cell shape and polarity (1) (2) (3) . Several of these are cytoskeletal assemblies made of nucleotide binding proteins which share homologous frameworks, indicating that they have evolved from common ancestors. Thus tubulin (4), the main component of the microtubules of the mitotic spindle which segregates chromosomes, and FtsZ (5) , which forms the Z-ring directing bacterial cell division, share the same fold in two of their domains and constitute a distinct family of assembling GTPases (6) . Actin (7) , which assembles into microfilaments, is an homologue of MreB (8) which assembles into similar filaments determining bacterial cell shape. Other prokaryotic members of the actin family of ATP-binding proteins include ParM, which assembles into actin-like filaments responsible for plasmid segregation (9) , and FtsA, which is thought to anchor FtsZ to the membrane and recruit downstream cell division proteins (10) .
To understand how each of the bacterial protein machines works (11, 12) , in addition to their in vivo partner proteins, their structures and those of their polymers, a better knowledge is required of the functional energetics, the kinetics and mechanism of their assembly, and of how these may be modulated in the cytosolic environment. FtsZ, the homologue of eukaryotic tubulin, is ubiquitous in eubacteria, archaea and chloroplast. Green fluorescent protein-fused FtsZ has a rapid assembly dynamics in the bacterial Z-ring, comparable to tubulin in a mitotic spindle (13, 14) . Purified FtsZ forms a number of different polymers depending on the conditions (15) (16) (17) (18) (19) (20) (21) (22) (23) . Monomers of FtsZ from E. coli form oligomers, in a magnesium-induced indefinite linear self-association equilibrium, with a light gradual decrease of the affinity of monomer addition with the oligomer size; replacement of GDP by GTP did not increase the affinity of this self-association (24) . Lowering the pH and increasing the temperature triggered a different 7 placed into a prewarmed Beckman TL100 rotor and centrifuged 1.5 to 2 minute later at 60000 rpm for 6 min to pellet the FtsZ polymers. This procedure was found to give maximal polymer recovery with GTP under standard conditions and was readjusted when necessary by incubating the samples before centrifugation. For temperatures above 40 EC, the rotor was prewarmed 1 to 2 EC above the desired experimental temperature in an incubator, and the Beckman Optima TLX ultracentrifuge was set to 40 EC (the maximal setting allowed). This resulted in sample temperatures 1 to 2 EC above the desired value prior to centrifugation, and 1 to 2 EC below it just after the short centrifugation (measured with a small thermocouple). No more than six reactions were simultaneously sedimented to reduce the handling time. The supernatant was carefully withdrawn, the pellet was resuspended in the same volume of buffer, and their protein concentrations were measured (32) 
In experiments at varying magnesium concentration, the free Mg 2+ concentrations were calculated from the total Mg 2+ concentrations by solving the multiple equilibria which take into account cation binding by EDTA and nucleotide as described (34) .
RESULTS

Oligomerization of FtsZ from M. jannaschii is insensitive to magnesium and nucleotide
The association state of FtsZ was first studied using analytical ultracentrifugation. The apparent average molecular weight was measured by sedimentation equilibrium under different solution conditions and with different nucleotides (Figure 1 ). Only at low enough concentrations
(1-2 µM) FtsZ was close to monomer (Mr 38924), and the degree of FtsZ self-association increased with protein concentration in 50 mM Mes-KOH, 50 mM KCl, 50 µM EDTA buffer, pH 6.5. The association is compatible with the formation of a small FtsZ oligomer (up to a tetramer within the 1 to 40 µM FtsZ concentration range examined; see the model line in Figure   1 Figure 2 ).
Cooperative assembly of FtsZ
Raising the temperature with GTP or GMPCPP and Mg 2+ , under otherwise the same conditions in which FtsZ forms small oligomers, resulted in the formation of large FtsZ polymers which could be pelleted by differential centrifugation. Interestingly, these polymers formed above a given FtsZ critical concentration. Since FtsZ polymerization induces its GTPase activity (26) , which leads to depolymerization, the polymer stability was also monitored by light scattering under the same experimental conditions. FtsZ was incubated in assembly buffer, magnesium and the nucleotide (1 mM GTP or 0.1 mM GMPCPP) were added, and the samples centrifuged; the incubation and centrifugation times (Experimental Procedures) were adjusted for optimal recovery of pelletable polymer before disassembly by nucleotide consumption. The FtsZ concentrations from the pellet and in the supernatant were plotted against the initial concentration. Representative results are shown by Figure 3 , in which it can be appreciated that i) FtsZ forms pelletable polymers only above a given critical total protein concentration and ii) the slope of the polymerized vs total protein concentration plot is unitary, indicating that essentially all the protein excess above critical concentration had polymerized and had been efficiently sedimented 3 .
These results ( Figure 3A) show that FtsZ from Methanococcus jannaschii cooperatively polymerizes following a nucleated condensation mechanism, similarly to other fibre-forming protein polymerization processes (35) (36) (37) (38) (39) (40) . For such a cooperative assembly the apparent equilibrium constant (Kp) for the growth reaction (the addition of a monomer to the polymer) is in good approximation equal to the reciprocal critical concentration (36 Since both GTP and GMPCPP are hydrolyzed during FtsZ assembly, and the kinetic mechanisms of assembly, nucleotide hydrolysis and exchange are essentially unknown, it can be argued that the system is not at equilibrium and that these apparent thermodynamic values may be somehow biased by the nucleotide hydrolysis. Therefore the same measurements were made in Na + -containing assembly buffer pH 6.5, in which the GTPase activity of FtsZ is inhibited and stable polymers are formed (26) . FtsZ assembly is slightly less favored with Na + , however, due to the absence of nucleotide hydrolysis the system becomes a rigorous chemical equilibrium. The results of these measurements, shown by Figure 3B and Table I, Analyzing the polymer-bound nucleotide when FtsZ was assembled with 0.1 mM GMPCPP or 1 mM GTP indicated that under non-hydrolyzing conditions in Na + -containing buffer at pH 6.5, the nucleotide bound to the polymer was 98% GMPCPP or GTP respectively (Table I) . However, when FtsZ was assembled under hydrolyzing conditions in K + -containing buffer, the bound nucleotide was only 25% GMPCPP (75% GMPCP) or 49% GTP (51% GDP) respectively ( The polymers formed by FtsZ under these conditions were characterized by electron microscopy ( Figure 4 ). FtsZ formed large filamentous polymers, which were 30 to 60 nm wide with GTP ( Figure 4A ), and 80 to 120 nm wide with GMPCPP ( Figure 4B ), and which were observed together with isolated filaments which correspond to the double stranded elementary assembly product of FtsZ from M. jannaschii (26) . In the Na + -containing buffer, the predominant polymers were isolated roughly 8 nm wide filaments ( Figure 4C ). It is possible that the small energetic difference between elongation in both buffers may be related to the more extensive aggregation in the K + -containing buffer, which might be due to a non-specific monovalent cation effect.
Modulation of FtsZ assembly by temperature and solution variables.
In order to learn how the assembly of FtsZ may be modulated, the effects of solution variables on the critical concentration were examined. The effect of temperature on FtsZ assembly induced by GMPCPP and Mg 2+ at pH 6.5 is shown by Figure 5A . No significant differences in electron micrographs of the polymers assembled at 30, 40 and 55 ºC were observed. Control light scattering measurements with 0.1 mM GMPCPP and 1 mM GTP showed slower assembly, longer polymer stability periods and less scattering at the lower temperatures, particularly with GTP. The data in Figure 5A were best fitted by a nonlinear integrated van't However, upon increasing the free Mg 2+ concentration into the millimolar range, the slope becomes negative, -0.9 " 0.15 (right side of the Wyman plot in Figure 6A ), which indicates the release of one low affinity magnesium ion per FtsZ molecule that is incorporated in the polymer, in the sense that one magnesium less is bound by the assembled FtsZ, but it does not establish a direct participation of these low affinity magnesium ions in polymerization. The effect of Mg 2+ in the millimolar range on FtsZ polymerization has also been monitored by light scattering measurements, showing that when the concentration of MgCl 2 was increased, the polymerization and depolymerization turned slower, and the scattering increased suggesting polymer bundling, although no significant differences in their structure were observed by electron microscopy (not shown)
The effect of hydrogen ions is shown by Figure 6B . 
FtsZ polymerization with nucleoside diphosphate.
Sedimentation measurements initially intended as negative controls surprisingly indicated cooperative polymerization of FtsZ with GDP and GMPCP, provided enough protein concentration was reached. Figure 7A compares the results with GDP, GMPCP, GTP, and GMPCPP at pH 6.0. Control measurements without Mg 2+ gave negligible FtsZ sedimentation.
The critical protein concentration values at pH 6.0 and 6.5 (with K + and Na + ) are listed in Table   I . The critical concentrations values for polymerization of GDP (GMPCP)-liganded FtsZ were about one order of magnitude larger than those of assembly with GTP (GMPCPP). FtsZ had been previously equilibrated with 10 µM GDP or GMPCP by gel chromatography, prior to polymerization with 1 mM GDP or 0.1 mM GMPCP respectively. The nucleotide bound to polymers assembled with GDP was 98% GDP (2% GTP); the nucleotide bound to polymers assembled with GMPCP was 80% GMPCP (20% GMPCPP) ( Table I ).The sedimentation measured with GDP ( Figure 7A ) cannot be due to the 2% residual GTP-bound FtsZ, since i) its concentration is below the critical concentration for assembly with GTP, ii) most of the FtsZ in the solution was competent to assemble (instead of 2%), as shown by the unitary slope of the plot in Figure 7A , and iii) FtsZ polymers containing 100% GDP could be obtained when FtsZ in the supernatant of a polymerization with GDP was concentrated and polymerized again.
The polymerization of GDP-liganded FtsZ was also examined by light scattering. The light scattering of GDP-FtsZ polymers was -15 fold smaller than with GTP (but much larger than the scattering of FtsZ oligomers without magnesium), suggesting the formation of thinner polymers, and it did not decay with time ( Figure 7B ). In a reverse experiment, FtsZ was assembled with GTP and let to hydrolyze the nucleotide. The solution reached a similar scattering value as with GDP ( Figure 7B ), and when it was centrifuged the pelleted FtsZ polymer contained 93 % GDP and 7 % GTP (supernatant: 100 % GDP). Interestingly, this polymers which had hydrolyzed the GTP had nearly the same critical concentration as the polymers directly assembled from GDP-bound FtsZ, and a similar result was obtained with GMPCPP and GMPCP (see Figure 7A ). In order to further confirm the FtsZ polymerization with GDP, the FtsZ condensation polymerization reaction was boosted by including 200 g/L Ficoll 70 in the solution (47) , which resulted in a reduction of the critical concentration to a value comparable to that of FtsZ-GTP in dilute buffer ( Figure 7A ).
The polymers assembled from GDP-bound FtsZ with crowder were easily visualized by electron microscopy and had the appearance of helical ribbons 30 to 35 nm wide ( Figure 8A and B); these were occasionally observed among a majority of straight filamentous polymers formed with GTP under the same crowded conditions (see Figure 8D ) and accumulated at longer times giving images similar to the polymers assembled with GDP. The FtsZ polymers formed with GMPCP and no crowder were a mixture of curly filaments ( Figure 8C ) and large straight polymers similar to those assembled GMPCPP (not shown, see Figure 4B ). We could not reproducibly visualize the GDP-FtsZ polymers without crowder by negative stain electron microscopy, which could be explained if they were more fragile thinner spiral filaments which collapsed by adsorption onto the grid.
From these results we concluded that M. jannaschii FtsZ polymerization proceeds with nucleotide diphosphate forming different, helically curved polymers, whose elongation is weaker than the elongation of the straight polymers assembled with nucleotide triphosphate. The apparent increment free energy changes of polymer elongation ))G o g,app (triphosphatediphosphate) are listed in Table II . Assembly is similarly more favourable with GMPCPP compared to polymerization with GMPCP, and with GTP compared to GDP, by -2.03 " 0.24 or -1.01 " 0.14 Kcal mol -1 (depending on the K + or Na + -containing buffer employed), which are relatively small free energy changes.
DISCUSSION
FtsZ assembly and oligomerization.
This work includes results clearly showing that reversible equilibrium assembly of purified FtsZ from the archaeon M. jannaschii is a cooperative process which takes place above a critical protein concentration, following a nucleated condensation polymerization mechanism (36), in dilute buffer near neutral pH. The GTP-induced assembly of FtsZ from bacteria was previously reported cooperative (16, 19, 22) , or on the contrary to consist of the non-cooperative isodesmic association of monomers into single stranded filaments observed with scanning transmission electron microscopy (23) . The nucleotide modulation of E. coli FtsZ assembly, known to give long polymers with GTP but shorter or no structures with GDP, is difficult to explain with a single protofilament, because it would require a very large affinity change of the only contact between monomers (23). Very recently, it has been argued that the assembly of single stranded filaments of FtsZ from E coli is "apparently cooperative" (48) . However, since cooperative assembly requires multiple contacts of each monomer in the polymer, a long filament made of a single row of monomers cannot conceivably assemble in a cooperative fashion (36) . Cooperative assembly requires multiple-stranded polymers, and the formation of fibre polymers made of multiple filaments is typically cooperative. Cooperative polymers are typically long, whereas isodesmic filaments are typically short. FtsZ from M. jannaschii cooperatively assembles ( Figure   3 ) into multiple filament polymers and isolated filaments (Figure 4) , and each filament is probably made of two symmetrical tubulin-like protofilaments (26) . We conclude that assembly of purified FtsZ is cooperative. In fact, the assembly of FtsZ from E. coli is cooperative under ionic microsolute and macromolecular crowding conditions resembling the bacterial cytosol (47) . The degree of cooperativity (the ratio of the growth to the nucleation equilibrium constants; 36) and the size of the assembly nucleus remain to be investigated. The assembly kinetics of E.
coli FtsZ is relatively fast, requiring stopped-flow methods (24) , and no lag phase has been reported, suggesting assembly nuclei made of a few monomers.
The Mg 2+ -induced oligomerization of GDP-FtsZ from E. coli has been extensively characterized by analytical ultracentrifugation in dilute buffer, and it is best fitted by an indefinite quasi-isodesmic linear self-association (24) . This association was weakly modified by GTP. However, changing to a lower pH buffer and increasing temperature triggered a different reaction, consisting of the GTP-dependent assembly of FtsZ into long filaments. It was proposed that the linear oligomers correspond to segments of polymer protofilaments devoid of the additional GTP-promoted interactions of cooperative bidimensional assembly (see Figure 1 and 
Thermodynamics of FtsZ assembly in comparison with tubulin
The growth reaction of the FtsZ polymer proceeds with a sizeable negative apparent heat capacity change, and positive apparent enthalpy and entropy changes ( (16, 60) .
The nucleotide gamma phosphate hydrolysis switch and FtsZ polymer disassembly
Like other GTPases, the GDP-bound form of FtsZ from M. jannaschii is regarded as inactive, and it was not expected to polymerize (26) . One unexpected finding of this study was As it is shown by the assembly results (exemplified by Figure 7 and Table II Figure 8D ). The fewer helical ribbons observed with GTP ( Figure   8D ) are probably the result of nucleotide hydrolysis. We do not know whether the spontaneous polymerization of GDP-bound FtsZ is a property of the archaeal FtsZ investigated or might be shared by bacterial FtsZs under favorable solution conditions. Curved conformations with GDP were previously observed in FtsZ from E coli, which formed minirings onto cationic phospholipid monolayers, but not in solution, and in helical FtsZ tubes formed with the polycation DEAE-dextran (20); it may be argued that complexation with these ionic additives can modify the polymer geometry. In our case, helical polymers of GDP-bound FtsZ have been observed with a non-ionic macromolecular crowder, which should not modify the polymer structure but by favoring the more compact forms.
In the case of tubulin, the GDP-liganded protein does not assemble into microtubules, but self-associates forming double rings (61) . Pure GDP-tubulin was found unable to elongate microtubules, but it blocked microtubule ends (62) . Tubulin rings are structurally equivalent to separated coiled protofilaments (63, 64) , which are normally tensioned inside microtubules once GTP hydrolysis has taken place. It is tempting to speculate that the protofilament structure in helically polymerized GDP-bound FtsZ may correspond to the circular self-association of GDPtubulin, with a modification of the twist angle between subunits which makes difficult a planar curvature of GDP-FtsZ filaments. FtsZ polymers would helically curl in block prior to disassembly, at difference with the fraying protofilaments at depolymerizing microtubule ends.
On the other hand, the difference between GDP-and GTP-liganded FtsZ may be regarded as a shift in the equilibrium between assembly-inactive and active states of the protein (61) in terms of linked equilibria (45), instead of an all or none activation switch 4 .
In the cytosol of M. jannaschii, the apparent affinity of FtsZ assembly should increase with temperature, by --0.5 Kcal/mol with respect to the value determined with purified FtsZ at 55 EC (Figure 5 ), slightly increase with ionic strength (Results), shift by pH ( Figure 6B ) in an unknown direction, and increase by macromolecular crowding ( Figure 7A ). The small value of the increment elongation affinity ))G o g,app (GTP-GDP) should not be modified by macromolecular crowding (unless the nucleotide-induced structural change involved an unexpectedly large volume or shape change of FtsZ), and it is not modified by pH in the limited range examined (Table II) . Let us assume for the purpose of this discussion that ))G It might then be asked how the FtsZ-GDP polymer disassembly, which is believed necessary for its physiological dynamics during cell division, can proceed with such a small affinity difference.
A simplistic answer would be by operating in a FtsZ concentration window centered at Cr (GTP) [FOOTNOTES]
1 By self-association we mean the formation of oligomers or quaternary structure, whereas macromolecular assembly distinctly refers to the formation of large polymers and biological superstructures (72) . These definitions intend to clarify some confusing citation of our previous work describing the quasi-isodesmic self-association of FtsZ (24) in the context of a so called isodesmic assembly mechanism (23, 48) , and the wrong recollection that analysis of the analytical ultracentrifugation data suggests the presence of long straight filaments (73) . 1 the nucleotide which cosedimented with the polymer were extracted from the pellets and analyzed by HPLC; numbers in parenthesis are the corresponding values in the supernatant, which confirm an excess of GTP or GMPCPP 2 0.1 mM GMPCPP or 1 mM GTP were added to the reaction mixture 3 FtsZ was previously assembled with GMPCPP which was let to hydrolyze, then equilibrated with 10 µM GMPCP and the reaction mixture was supplemented to 0.1 mM GMPCP (simple nucleotide addition was inefficient) 4 FtsZ was previously equilibrated with 10 µM GDP and supplemented to 1 mM GDP (similar results were obtained by GDP addition) 
